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1. Executive Summary

Our research has focused on the spectral, vectorial and temporal properties of ultrafast
optical pulse propagation in single-mode optical fibers with the aim to demonstrate and improve
the spectral encoding of an optical pulse intensity using x® cross-phase-modulation (XPM)
process for an ultrafast optical A/D converter. In this program, the design and test of an
ultrahigh speed A/D converter at Gigasamples/s with 16 digital levels (4 bits) accuracy per
sampling channel using the XPM spectral encoding has been successfully demonstrated.
APPROACH

XPM was used to encode optical pulse intensity into spectral broadening by using
waveguide splitter and variable fiber lengths to obtain 50-ps time divided multiplexing (TDM)
train and by using the spectral grating and streak camera to disperse (space/time) and display
5 Giga Samples/s 16 levels uninary encoded signal pulses.

KEY MILESTONES

* Obtained 200 channels frequency modulated XPM spectral broadening (2/93)
* Built a mode-locked diode laser with pulse duration ~ 0.6-ps at ~ 1 GHz (12/94)
* Designed an ultrafast optical amplifier based on nonlinear polarization instability ~ (6/95)
* Demonstrated XPM A/D of ps signal at 5 GS/s x 4 bit/s using TDM (6/95)
Under this program, seven technical papers have been published in professional journals
and eight papers have been presented at professional conferences. A patent disclosure has been
filed acknowledging the support of this award. This new technique, polarization controlled all-
optical amplifiers, which can amplify weak optical signal to improve the sensitivity of XPM A/D
and also act as ultrafast "optical transistors" for many applications has been proposed. A Ph.D.
student has been trained in this program and will graduate within one year. This research has
played an important role of the research and education program at CCNY. Future tasks to
improve the sensitivity and accuracy of the XPM A/D include the study of the time gated XPM
spectra to modify the oscillating spectra for the conversion of uniary coding to priority coding,
the use of circularly polarized light for the coding, the study of optical amplifier to increase the

signal sensitivity, and the development of encoding algorithms to improve the bit accuracy.
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2. Introduction

Light can be used to control light for the ultrafast optical computation and communication.

[2-3] [4-5]

, amplifiers'™, and

Many applications have been developed, such as switches!"), logic-gates
multiplexer/demultiplexer® based on the third-order nonlinear optical processes. As the
development of optical communication and information technology, the high speed optical analog
to digital (A/D) convertef has been drawing considerable interests. Due to its intrinsic parallel
and high speed characteristics, all optical A/D converters have wide range of potential
applications in optical computation. Optical A/D are needed to handle real-time data for signal
processing applications such as spread spectrum communication, fiber-optic sensors. Because of
the increased uses of fiber-optic sensors and fiber-optic communications, signals applied to an
optical signal processor are often optical; and thus, optical A/D converter should handle optical
input signals directly and be very fast.

For an all-optical A/D converter, an input light intensity analog signal is first converted
into changes in certain light properties, such as the spectral distribution, through the nonlinear
light-medium interaction. An encoder is then used to encode the property changes into the
digital signal. Among several types of A/D converters based on different mechanism and
techniques™, an all-optical A/D converter using the cross-phase modulation (XPM) for the
spectral encoding is a promising one for the ultrafast applications!”. In an XPM based A/D
converter, carrier and signal light waves interact in a third-order nonlinear medium causing the
phase structure of the carrier beam changed. This phase structure change imposes a change in
its spectrum, or spatial distribution by a grating or a prism. This spatial distribution has the
characteristics of monotonously-varying according to the light intensity with some modulation
structures. A fiber/waveguide MUX/DMX uninary encoder has been used to convert the spatial
distribution into uninary codes for A/D processing.  With the advance of photonics, the

improvement of the speed, sensitivity, accuracy, dimension, and cost of optical signal processing

using the XPM A/D is promising.




3. Review of the SPM and XPM Processes

When an intense laser pulse propagating in an isotropic medium, the refractive index of
the material possessing third-order nonlinearity can be written as™:

n(w) = n,(w) + ny(w) I(w) , (1)

where n (w) is the linear refractive index at frequency w, n.,(w) is the nonlinear refractive index,
and I(w) is the incident laser intensity. This refractive index change imposes a phase modulation
on the laser pulses which causes spectral broadening"*'?. When the phase modulation happens
to the laser pulse itself, the process is called the self-phase-modulation (SPM)™!. A schematic
diagram of the induced phase modulation and the spectral shift from an ultrashort laser pulse with

a Gaussian envelope function is shown in Fig.1 below.

Fig.1 A Schematic Diagram of
Self-Phase-Modulation (SPM)

~ exp(-tit,)

(a) Self-Induced Phase Change
(b) Induced Frequency Shift
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When the phase modulation occurs to two copropagating pulses, the process is called
cross-phase-modulation (XPM)#!. A schematic diagram of the XPM is shown in fig.2. The
XPM spectral broadening of the weak probing pulse at w, from an intense copropagating pulse

at w, : O w. (XPM) is twice larger than dw, (SPM).

Cross-Phase-Modulation (XPM) E = E, expli(w,t-x,;2)] + E; exp{i(w:t-x,2)]
(Pump) (Probe)

When two laser pulses propagate in matter,
coupled light wave interactions occur through
the third order nonlinear susceptibility x°.
n,, =0, +n, [ E/(cy) + E(nt) I?

£4

ws
/Z STRONG 5D, = wyfc [{* n.E, dz + 2w./c [F n,E, (rh) dz
WEAK m\ | ﬂ (SP¥I) (XPM)

Sw, = d(5@,)/dt

XPM Freguency Shift

Swit.z) = d(Sd)/dt .
NO ™, =2 (wics n, BP L/T, {exp(-1t-0)7] - exp{-(t-t+2/L,)7]
—

! 1

W, @y Assume Gaussian Laser Input
n,: Nonfinear Index of Reiraction
EXCITATION
E* Pump Laser Intensity

SPM XPM
®©, JL Hj\\ ) L,: Walk-Off Distance

T, Puise Duration

FRECUENCY
1. Time Delay Between Pump and Probe

Fig.2 A Schematic Diagram of the Cross-Phase-Modulation (XPM) Process




4. Design of XPM A/D

Experimental Arrangements

The experimental setup to demonstrate the XPM is shown in fig.3. A mode-locked

Nd:YAG laser system with a second harmonic crystal was used to produce 39-ps 1064-nm
infrared pulses and 28-ps 532-nm green pulses at 10-Hz repetition rate. The 1/e pulse duration

of these two beams were measured by a streak camera system. These two beams were separated

using a prism delayed scheme with wavelength selective mirrors.

ns
>_‘0 0_>_”._ SPECTROMETER

—»>
S ! g e

7 T +c OPTICAL
MULTICHANNEL
30 ps LASER ; ANALYZER

Fig.3 Schematic of Experimental XPM Arrangement

XPM Pulse

‘I
= |

= | Output
2 Input Pulse |
!
'
> |
- .=
2 i
= !
L |
= !
= :

nl' l
527 532 537

WAVELENGTH (nm)
Fig.4 Preliminary Measurement of XPM Induced Frequency Shift in 1988

7




The 1064-nm and 532-nm pulses propagated in different interferometer arms. The optical
path of each pulse was controlled by using variable optical delays. The energy of the pump
1064-nm pulses (signal to be digitized) was adjusted with neutral-density filters in the range of
1-100 nJ, and the energy of the probe 532-nm pulses (carrier) was wet to be < 1-nJ. The
nonlinear modulated medium was a 1-m long optical fiber with core diameter of 4-pm, cladding
diameter of 127-um, and numerical aperture 0.1. This 4-um core diameter fiber support a single
mode propagation at 1064-nm and multi-modes at 532-nm laser pulses. This length was chosen
to allow for total walkoff without loss of control of the pulse delay at the fiber output. The
group-velocity mismatch between 532-nm and 1064-nm in fused silica was ~ 76 ps/m. The output
modulated 532-nm was collected by a 20X microscope objective lens. The 532-nm carrier signal
after the collecting lens was split into two beams. One beam was used to into a 1-m long Jarell-
Ash spectrometer with a 600 lines/mm grating and detected by a cooled CCD camera system
made by Photometrics Inc. The grating is blazed at 1-um. 532-nm modulated carrier signal was
collect at the second order of the grating to double the spectral resolution. Using a calibration
Mercury spectral lamp, the measured overall system resolution was 0.05 A/pixel for light at 532-
nm region and 0.1 A/pixel at 1064-nm region. The manuscript entitled "High resolution spectra
of SPM in optical fibers" in JOSA-B (1995) with the acknowledgement of DARPA and RADC
has provided detail experimental descriptions.

Based on our preliminary measurement” in 1988 of the spectral distribution of XPM as
shown in fig.4, the induced frequency shift of the probe pulse at w, was found to be linearly as
a function of the input pump (signal) intensity at w,: Aw,,(XPM) ~ n, I(w,). Using an optical
grating as a DEMUX, the output of the probing beam can be spread into a serious of spatial
distributed signal as a function of the input signal intensity at w,. This is the basic XPM
spectral encoded A/D algorithm as shown in fig.5. An equivalent optical experimental
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arrangement of the XPM A/D to an conventional electronic A/D is shown in fig.6. In order to

achieve 5 Gigasamples/sec and 4 bit accuracy, the time-divided XPM spectral encoded signal will

be separated by an interval of 50-ps (20 GHz).

Channel I
’ # Win
— 1541
Input
Intensity
I... XPM Carrier _
@ in f\_ Pulse 3 34l
S0 — 2l
(1)2 M ‘.'T ,:” AI
Wi 2 +A) 2l T
e 12 580 [ )
Sampled Pulse Diode '
{digital Information)
Fig.5 Schematic of a 16-digital level XPM spectral encoding algorithm
. SIGNAL
INPUT OPTICAL FREQUENCY FREQUENCY DETECTOR
SIGNALS ARRANGEMENT SHIFT MODULATION AND
CONTROLERS SIHIFTER ANALY
IC .. Intensity control
TC-- time control
ANALOG XPM A/D DIGITAL
INPUT CIRCUIT OUTPUT
"Intensity" Oplcs "Coded number"
fiber -
of pump pulse | Fibers . of frequency
Spectrometer | shifted channels

Fig.6 Comparison of optical A/D algorithm to conventional electronic A/D algorithm
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5. New Spectral Measurements of SPM and XPM

1) Picosecond Measurements =~

We have repeated the SPM and XPM experiments and have improved the XPM shifts

from 10 channels obtained in 1989 up to 300 channels. Typical measured 2-D spectra of SPM

and XPM are displayed in fig.7. This improvement of shifted channel numbers between fig.7

to our previous measurement in fig.4 was achieved through the combination of the following

three factors: small pixel size of CCD camera, doubled the line numbers per mm of the spectral

grating, and the use of second order of the grating.

Fig.7. Measured SPM and
Time-resolved XPM Spectra
through a 5-um diameter
fiber. Pump pulse:1064-nm.
Carrier pulse: 532-nm. Tp:
time dealy between 1064-nm
to 532-nm pulses.

(a) Input 532-nm spectrum
(b) XPM(532-nm): Tp=0-ps
(c) XPM(532-nm): Tp=31-ps
(d) XPM(532-nm): Tp=63-ps
(e) SPM of 1064-nm

The spectral width of input
532-nm carrier pulse was ~
0.2-A. The improvement of
the spectral resolution 1s
attributed from the following
arrangements.

Past Now
Detector OMA C
Signal 1-D/2-D 2-

(a)

(b)

(c)

(d)

(e)

Wavelength  0.4-0.8 p 04-1.1 p

Resolution 05 A 0.05A

532-nm
INPUT

XPM
Tp = 0-ps

XPM
T, = 31-ps

XPM
Tp = 63-ps

SPM
1064-nm

10

1065

1064
A (nm)

1063



Computer simulations were used to numerically produce the modulated XPM spectrum
as a function of the signal intensity level. Using a mode-scrambler to reduced spatial mode
propagation of 532-nm pulse in fibers, clean XPM spectra was obtained as displayed in fig.7.
The 1-D digitized intensity profile of the measured time-resolved XPM spectra is displayed in
Fig.8. The theoretical curves from the computer numerical calculation of these XPM spectra
displaced in the right column of fig.8 have an excellent fit to the measured XPM curves in the
left column of fig.8. From both figs.7 and 8, fine modulated oscillatory XPM spectra can be
observed due to the improved spectral resolution down of 0.05A. When the 532-nm carrier pulse
energy was kept constant, as 1064-nm pump pulse (signal to be digitized) energy was increased,
the spectrum of the output carrier pulse was shifted further to the Stokes side and the oscillation
periods increased. The previously designed binary A/D encoding algorithm needs to be modified

due to the new oscillation feature (see chapter 6)

15 0 $32.5 5318 532.0 $328

o §

1063 1nG4 1065 1063 1064 1065

WAVELENGTI {ining

Fig. 3. SPM of the pump pulse at 1064 nm and XPM
spectra of the probe pulse at 5332 nm propagating in
an optical fiber with different initial time delays. The
left-hand column shows the experimental results, and
the right-hand column shows the theoretical calcu-
lations. The core diameter of the optical fiber was
4 um, and ny = 3.2 X 107 cm?/W for 532 nm and
ny = 1.79 X 1076 cm?/W for 1064 nm. (a) Input laser
pulse, (b) ¢ty = 0 ps, (c) tq = 31 ps, (d) t4 = 63 ps. The
peak power of the pump pulse is 2000 W.
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Measurements of 16 level (4bits) resolution have been obtained. Sixteen modulated
spectrographs of 532-nm beam modulated by sixteen different pump 1064-nm intensity levels are

shown in fig.9. A plot of induced wavelength shift as a function of the input 1064-nm laser

intensity is shown in fig.10.

Signal
Level

—
-

pory
N

XPM SPECTRUM

SPECTRUM

Fig9 Measured XPM spectra of 532-nm with equivalent 1064-nm signal level from 0 -> 15.

The input carrier laser puise at 532-nm was modulated by a simulated signal from
1064-nm laser pulse. The measured output spectra of the 532-nm pulse from the CCD camera
was broadened to ~ 170 channels.



(A)

AN

[0 9]

~000 3000 2000 5000

INPUT PEAK POWER (W)

Fig.10 Linearnity of XPM spectrum as a function of the input 1064-nm peak power.

The spectral resolution of the CCD spectrograph was 0.05-A. The spectral width of input
532-nm carrier pulse was 0.2-A. Each data point was an average of 4 to 6 shots. The fluctuation
of input signal energy of 1064-nm pulse was ~ = 6%. The measured fluctuation of the spectral
shift of 532-nm was ~ = 0.3-A.

13




ii) Femtoseconds SPM and XPM Measurements

Using a femtosecond Ti:sapphire laser system, the SPM and XPM spectra have also been
measured as shown in fig.11. The output of the Coherent MIRA Ti-sapphire laser was center at
~ 780-nm with 6-nm bandwidth, 80-fs duration, 76-MHz pulse repetition rate, and 20-nJ pulse
energy. Through a fiber with length varied from 10-cm to 1-m, both the SPM and XPM spectra
have been obtained. XPM spectrum was obtained using the degenerate-XPM (DXPM) where two
pulses (one intense pulse as the pump and one weak pulse as the probe) both at 780-nm but with
perpendicular polarizations were used. The broadened spectra were found to be slightly deviated

from the input signal intensity which may be attributed to the induced polarization change.

1.0
>
2 08¢
Z ot
= (SPVD)
3 \
N 04r
=
< 02f
c
z
0.0 s .
700 750 300 350
Input width
>l <
6-nm
. L0
-
2 osf \
Z 0.61 D
N 04r
=
< 02f
~
<
Z J
0.0 : .
700 750 300 350

WAVELENGTH (11m)

Fig.11 Femtosecond SPM a nd DXPM spectra of ~ 10-nJ 80-fs laser pulses at 780-nm
wavelength propagating through an 1-m long isotropic single mode fiber.
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In addition, the linearity of the spectral broadening bandwidth dw was measured as a
function of the incident Intensity for both SPM and DXPM from a range of fs pulse energy from
0 - 8-nJ as shown in fig.12. The output band width was increased to ~ 80-nm (ps laser
experiment, the bandwidth was ~ 1-nm). Due to the input bandwidth of ~ 6-nm, the maximum
possible digitized level remains to be less than 16 (4 bits). In addition, the linearity of the
Sw was found to be much worse that the results from the ps measurement. The nonlinearity
saturation behavior can be accounted for the dispersion and energy spread through a larger
bandwidth at higher energy input. The effective spectral intensity was reduced. To minimize
the dispersion effect, the effective fiber length used for fs DXPM has been measured. The

spectral broadening saturation occurred when the fiber length was longer than 10-cm at 8-nJ input

energy.

80

60 - *

40- .

Spectral Bandwidth (nm)

0 ! - v T "
0 2 4 6 3

Pulse Energy (nJ)

Fig.12 Measured Intensity Induced Spectral Broadening of fs Laser Puises in Fibers
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6. Spectral Encoding Algorithms

From our preliminary measurements in 1988 of the induced frequency shift of XPM in
fig.4, a binary encoding algorithm schemes was proposed as shown in fig.13a to convert the 16
digitized spectral levels into a 4-bit signal using a mechanical mask. In addition, using a fiber

and waveguide MUX/DMX, similar binary conversion can also be achieved as shown in fig.13b.

(a) . Binary
Optical Digital
ANA Optics  Binary Mask Delay Pulses
V/
| LilL o
l (0010)
| (0001)
. (0000)
Time
Binary Digital Pulse Generation
FIBER  WAVEGUIDE
®) WINDOWS BINARY
L oUTrUl
LS I @ Y Se S 51 S
5 Ly OO luy ™ (1111
L OO X
MODULATED
SIGN
Rid RTTY 7l L,
¥ M
3 Ve, o % 11wy
X
2 e — —_ 1 wnw
1 b —_ | woon
" (0000)
i 1ou SO U

TIME (I'S)

Fig.13 Schematic Design of Binary Encoding Algorithm to Convert 16-digitized levels to 4-bit
(a) Mechanical Mask (b) Fiber/Waveguide MUX/DMX converter
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However, from our new measurements and theoretical simulations shown in figs.7 and 8,
the cross-phase-modulation spectra displayed an oscillatory feature. This oscillatory phenomenon
may be adaptable for the high bits A/D converter. Various encoding algorithms have been
investigated. Encoding uses various high/low frequency variation at different induced frequency
locations for A/D. For example, a modulated spectrum shown in fig.7 can be represented as a
13 bit digitized signal as 010,101,010,111,0. Each maximum above a given threshold intensity
level is coded to be 1. This is different to our previous approach using the averaged value of ~
7 channels shift which represents ~ 3 bits.  This encoding algorithm could be enveloped in a
future project. The followings will discuss the study of using the Fourier spectral filtering to
modify the oscillatory spectra into a single sharp signal for the priority coding and the uniary

encoding technique used for the final demonstration.

i) Fourier Spectral Filtering to Modify Oscillatory Spectra into a Singular Data

In order to digitize this complex modulated XPM spectrum for our previous planned
binary encoding, an optical filter/mask is needed to convert the output spectrum into a single well
defined source. A preliminary calculation using Fourier optical filtering, a simulated modulated
input can be Fourier transformed into a well defined spectral signal as shown in fig.14 below.
Fig.14a represents a simulated 2D oscillatory XPM spectrum, after passing through a designed
spatial mask located at the Fourier plane as shown in fig.14b, the output signal in fig.14c has
shown a singular peak as we desired for the original A/D design shown in fig.4. The Fourier
spatial filter was designed by solving the inverse Fourier transformation from the desired signular

output of fig.14¢ to the known oscillator input of fig.14a.
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(a) INPUT (b) FOURIER FILTER

Fig.14 Computer Simulation to Transform a 2D Modulated Spectrum Into a Discrete Signal

(a) Input Modulated Signal with Modulated Intensity 2D Spatial Distribution
(b) Founer Spatial Filter Arrangement (c) Output Singular Signal to be Digitized

Optical Prioritv Encoding  To digitize the transformed signal from the XPM spectrum shown

in fig.14¢, beside our previous binary encoding scheme, there are several other approaches to
encode the broadened XPM spectrum, such as priority encoding, uninary encoding, and Chinese
remainder encoding. The optical priority encoding to digitize the modulated XPM spectrum has
been studied. Priority encoding is a popular technique in conventional electronics. This encoding
ensures that only the highest order data line to be encoded. The encoding function table for a

typical electronic application of a three bit system with values of 0, 1, 5 is shown in fig.15.
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0 ()l
XOR 0 XOR 0 0

0 0{ (XOR ()
XOR 0 XOR 0 ”I

0 o) XOR 0
XOR 0 Lxor 0 0?

0 UJ XOR 1
XOR 0 - 000 XOR 0 ~» 001 !

0 (,J XOR 0 —==101
XOR 0 “XOR 0 !

0 0{ JXOR 0
XOR 0 XOR 0 ‘

0 (); XOR 0
XOR 0 jxuu { I

0

1 XOR 0O
(!

Fig.15  3-bit Priority Encoding Function Table

In fig.15, the input electronic signals are encoded using XOR gates. For optical signals,
an equivalent XOR function can be replaced with a Fourier optical differential operation. A
schematic diagram of the Fourier differential of an amplitude signal g(x,y) is illustrated in fig.16
using a 4F optical system. Right in front of the back focal plane (mask location), the
illumination light through g(x,y) after the lens L, is Fourier transformed to

Gxy) = F{g(xy)} . )
For the derivative along the x-direction, a phase mask of j2xnf, will be used, where f, = x/Af}.
After the mask, the transmitted signal can be written as

G'(xy) = j2nf, Glxy) . &)
After the second lens L,, the masked G'(x,y) will be Fourier transformed to the derivative
form of g(xy) = d glxy)dx = F{G'(xy)} . (4)
at the location of the second back focal plane at the screen. The image obtained on the screen
is invertly magnified by a factor of f,/f), where the inversion occurs from the operation of FF
instead of F'F.
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Fig.16  Experimental Arrangement of Optical Founier Differentiation
To apply this Fourier differential operation, a simulated 1D optical signal shown in
fig.14a, g(x), of a broadened XPM spectrum coming out from the spectrometer where the
‘horizontal axis x is the wavelength will be sent through the 4F system in fig.16. After the
Fourier differentiation, the 1D digitized output signal, g'(x), at the image screen can be
represented as shown in fig.17b. Most output energy is concentrated at the high wavelength end.

This optical Fourier differential operation is similar to the electronic priority encoding.

(a)
o) gx) (b

S}

0 X

Fig.17 Simulation of Fourier Differentiation of 1-D Broadened Optical Spectrum
(a) Input signal g(x) (b) Output signal g'(x)
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After the differentiation, the standard binary encoding approach can be applied. An
example of a 3-bit optical priority encoding is shown in fig.18. In this proposal, the student will

learn and design various phase masks to convert broadened and modulated XPM spectrum to a

binary form with minimum power loss.

Input Spectrum Width 0 1 5
! ! A!
..... - L
— e | e i - -~ -
0 X " by ] by
Threshold Digitization 10000000 11000000 11111100
Priority Encoding 10000000 01000000 00000100

Fig.18  Example of 3-bits Optical Prionty Encoding for three spectrum: 0, 1, and 5

To obtain the optical differential for the priority encode of XPM spectrum, phase masks
are needed at the Fourier plane. Various phase masks will be designed and tested. For example,
a j2nf mask has the values from negative to positive. This kind operation can be obtained from
the following two operations of the amplitude transmission function |27f] and the sign filter. The
sign filter function can be accomplished by a phase retardation plate. This phase plate is a
dielectric coated optical flat with one-half of the plate has a phase retardation of n7 rad (n is an
odd integer). The amplitude transmission function can be approximated obtained using a
transparent slide made from a fine grain 35-mm photographic film. The Fourier transformed
XPM signal can convert the energy froxﬁ the spread spectrum into a well defined wavelength with
minimum loss of energy for the designed digitization algorithm.
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Uninary Encoding

The above Fourier filtered spectral modification approach works in theory. However, 1t
is difficult to implement in terms of the filter fabrication. At present, a simplified uninary
encoding scheme has been adapted for the demonstration of XPM digitization project. For the
uninary code, each bit represents either 0 or 1 and the final number is a simple summation of the
non-zero bit. A time-divided multiplexing uninary encoding algorithm for a ps XPM A/D is

shown 1n fig.19.

Digital Uninary Encoded TDM Train (532-nm carier pulses)
Levels 5 giga samples/second, 4 bits
Encoded 1 ¢4 One Channel Four Channels
Spectral Levels Pulse Sequence Pulse Sequence
0 > <- 30-ps -
> <~ 50-ps L
1 L1

—»| e S0-ps

L _ 5 9

8 (0 O O I

' &

15 L1 1 1111111111111 n__a__n_ 3
i1 ___n__9%
11 1%

Fig.19 16-level Time-Divided Multiplex (TDM) Uninary Encoding
1 Channel (16x1) and 4 Channels (4x4) fiber/pulse sequence approaches.

The input signal at 1064-nm will be digitized into a 16-level uninary code from 0 to 15.
Since the laser pulse duration is 30-ps, the fast repetition rate between two adjacent pulses is

limited to ~ 50-ps. For a one-channel approach, the total time to encode a 16-level signal will be
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16x50-ps = 800-ps. This 800-ps will greatly slow the sampling rate. To increase the sampling
rate, multi-channel parallel data transmission lines can be used. For instance, using a 4-channel
approach, the total sampling time can be reduced by a factor 4 to 200-ps or 5 Gigasamples/sec.
As long as the space allowed, theoretically, a 1000-channel (10 binary bits) TDM uninary
encoding can be implemented. For this A/D demonstration, the XPM temporal-spectral uninary
encoder has been assembled with a set of 16 optical fibers as shown in fig.20. 16 fibers were
coupled to the output of a spectrometer (MUX). Every four fibers are formed a set to be
combined using a 4x]1 waveguide DMX into one data line. The length between these four fibers
in each of the fiber set has been cut to be Z, Z+A, Z+2A, Z+3A, respectively. Where the fiber
length difference A was set to be 1-cm which corresponded to a 50-ps optical time delay. This

encoder will be used in the 16 level 5 Gigasamples/sec XPM A/D demonstration.

INPUT FIBER-ARRAY (16 CHANNELS)

X X XXX XXX X X ]

Rk
% |afsafos
!
)

X X
g-—\'-—d NN ) \ ~ -
OUTPUT FIBER-ARRAY

Fig.20 16 Level (4 bits) Temporal-Specﬁal Uninary Encoder
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7. Demonstration of 16 levels (4 bits) 5 Giga samples/sec XPM A/D

A schematic of the experimental setup to demonstrate the 4-bit digitization of a sampled
ultrafast optical pulse using a 50-ps time divided multiplexing train and the spectral grating/streak
camera to display 5 Gigasamples/sec 16-levels uninary encoded XPM optical signal pulses is

shown in Fig.21. A 30-ps at 532-nm laser pulse was used as the carrier source and 30-ps 1064-

nm laser pulse was used as the signal pulse to be digitized.

r .
| }\‘autpur. (I) = )"in + N A}"(r)
N 0T
INPUT |
| ; ] UNINARY
— - XPM > WDM 3 ENCODER
|
| SPECTROMETER
|
|
! ]
OPTICAL A/D CONVERTER
_PULSE STREAK
GENERATOR

Fig.21 Schematic Diagram of an 5 Gigasamples/sec 16-level XPM A/D
Input: 30-ps pulses at 532-nm/1064-am (carrier/signal) from a mode-locked Nd: YAG laser
Pulse Sequence Generator: split 2 30-ps into a four 30-ps pulse train separated by 50-ps
(see fig.22 and 23 for separate diagrams)

XPM: 1-m long single-mode fibers for XPM process of 532/1064-nm pulses

WDM: 1-m Jarall-Ash spectrometer to disperse spectral broadened 532-nm XPM pulse
Uninary Encoder: variable length fiber bundles and waveguide MUX/DMX (figs.19,20)
Streak Camera: 2D image with 10-ps resolution to demonstrate XPM encoded TDM
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To simulate a signal to be sampled, a single shot pulse was broken into a 3-pulse train
using either a conventional beam splitter optics as shown in fig.22. With the proper design of
the mirror reflectivity as shown in fig.22, the pulse intensity from each pulse of the carrier train
was equal while the intensity of the signal train was set to be 6:2:1.

M4 M2 M

Ml A
N\ S ML RI100
B2om — l M2 TS0:RS0
1o Ml M3 %% M3: T33:R66
/ M2 M M4: T66:R33
200pS l I ;
Delay M1 >R
M2 a J
M2 N __.ﬂ —
M3
M2 N/ pp Q
M1
M1 Ng—

Fig.22 A Schematic Design of Optical Sampling and Clock. An inout pulse into two 3-pulse
trains with intensity distribution for the carrier train as 1:1:1 and for the signal train as 6:2:1

The design in fig.22 was bulky and expensive. This concept was not used. In this XPM
A/D demonstration, a new design using the variable fiber lengths and waveguide DMX (splitter)
and MUX (coupler) as shown in fig.23 was used to create a 4-pulse train to simulate the
sampling process with much less cost and space. At the moment, one problem to use the
fiber/waveguide pulse sequence generator is the control of the intensity splitting. Since the
manufacture specifications of most commercial available fiber/waveguide splitter/couplers are
designed for 1330-nm and 1550-nm wavelengths, the intensity distribution at 532-nm and 1064-
nm, especially, 532-nm were quite different to the value from the catalog purchasing. The
intensity distribution ratio of the splitter/coupling was experimentally measured. A photograph
of the experimental arrangement of the 4x1 and x4 MUX/DMX was displayed in fig.24.
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FROM PULSE
1064NM SEQUENCE GENERATOR
30ps J\_ 1064NM 1064NM
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Fig.23 A schematic design of optical pulse sampling and clock using 1x4 and 4x1 fiber splitter
(DMX) and coupler (MUX). The clocking pulse or time-divided multiplexing train was obtained
using variable fiber lengths 1 cm difference in fiber length = 50-ps pulse separation. all
beamsplitters (M) work at 45° incident angle. R is a rotator for laser puises at 532 nm. Q 1s
quarter wave plate; and PP is polarizing prism which combines clock pulse train and sampling
pulse train into the same propagating direction with perpendicular polarization direction. Then,
quarter wave plate converts two linearly perpendicularly polarized pulses trains into two opposite
circularly polarized pulses trains.

Fig.24 Photograph of optical pulse sampling and clock using 4x1 and 1x4 fiber MUX and DMX
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The spectral distribution of the output pulse of the 532-nm carrier pulse after the XPM
fiber and the spectrometer (WDM) can be expressed as:

W i3o(Li0ss) = Wszz T OW(XPM) = wyy, + K Ijge, = Wezp + N Q1)
where K is a proportional constant, N is an integer number from 0 -> 15, and €(r) is the unit of
spectral digitzation which depends on the minimum resolution of the spectrometer. In this
manner, the intensity of 1064-nm signal has been converted into a spectral/spatial distribution.
After the WDM, a fiber bundle/waveguide MUX/DMX system has been used as discussed in
figs.19 and 20.

A photograph of the experimental setup of an uninary encoder with an equivalent 16

digital level using the fiber bundle is shown in fig.25.

rodgiey

UNINARY ECODER, OUTPUT TO STREAK CAMER

Fig.25 Photography of an uninary encoder using fiber bundles based on design of figs.19 & 20
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In fig.26a, a time-resolved streak camera measurement of the uninary encoded TDM train
is displayed and in fig.26b, a steady state image of the fiber bundle output from the uninary
encoder is displayed for the intensity calibration. From the cw measurement of fig.26b, the
output intensity from these 16 fiber outputs was nearly the same for an uniform input beam. In
fig.26a, the relative input intensity distribution from a 4-puises train input of I;:I,:1;:1, was ~
9:10:11:100. This pulse train intensity distribution was due to the control of the fiber/waveguide
MUX/DMX as discussed in fig.20. Each pulse was separated by 200-ps apart in time. After the
fiber bundle uninary encoder, each pulse was digitized into a possible of 1 to 16 uniary levels
TDM with the pulse separation of 50-ps using 4-fibers per input pulse. The corresponding
digitization levels for these 4 pulses were 10:11:12:16 as counted in fig.26a. In our digitization
algorithm, for the relative input signal between 0 and 1 (1 2 I;> 0), the uninary encoded digitized
output level will be assigned to be 1 (I, = 1); for 221, > 1, I, = 2; etc,; for any I > 15, I,

=16. A 5 Gigasamples/sec 4-bits (16 levels) XPM A/D has been demonstrated.

9 10 11 100

Fig.26 Demonstration of 5 Gigasamples/sec 4-bits XPM A/D

(a) TDM measured by a 10-ps resolution streak camera to display uninary encoded 4-pulse train.
The relative input 4-pulses intensities were 9:10:11:100, the digitized outputs were 10:11:12:16.
(b) Intensity uniformity calibration of the fiber bundle encoder using a steady state imaging.
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8. Development of Compact fs/ps Semiconductor Diode Laser

In our previous and current experiments, a ps YAG and a fs Ti:sapphire laser were used.
Both lasers are bulky, but available at our laboratory. They served to demonétrate our planned
purpose for a laboratory demonstration of XPM A/D. For the future instrumentation application,
a compact actively mode-locked picosecond semiconductor diode laser will be needed. The laser

systems used for this program is shown in Table 1.

Table 1 Laser System Used (or planned to be used) in XPM/A/D
Laser System Puise Duration Energy Repetition Wavelength (nm)
Nd:YAG 30 ps 100 mJ 10 Hz 1054, 532
Ti:sapphire 100 fs 10 nJ 80 MHz 800

Ps Diode Laser
Oscillator 0.6-10 ps 100 pJ 1 GHz 830
Amplifier 10 ps 1 uJ 1 MHz 830
(being built)
In a parallel effort, a ps diode laser has been assembled and tested as shown in fig.27.
An AlGaAs semiconductor diode with anti-reflection surface coating and angled active layer to
eliminate most internal reflection loss was used as the active medium. Two 0.85 NA microscope
objectives, one 100% reflection back mirror at 850-nm, and one 30% transmission output coupler
have been used to form the external laser cavity. A Spectra Diode Labs. model SDL-800 laser
diode driver was used to provide the direct current for this diode laser. A HP function generator
with frequency tuning from 0.1 MHz to 2 GHz wa used to tune the modulation circuits separated
by a T-Bias. Preliminary results of the laser output have been measured. The CW power-current

characteristics without and with the external cavity are shown in fig.28.
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Fig.28 Power-current Characteristic of Laser
Solid curve: No External Cavity
Dashed curve: With External Cavity

Fig.27 Schematic Diagram of Actively
Mode-locked Semiconductor Diode Laser

Without the laser cavity, the laser diode operates as a traveling amplifier. The output
power of the laser increases linearly as a function of the pump current. Due to the high optical
loss in the active region, the stimulated emission did not take plane without external cavity. With

an external cavity, the gain overcomes the total loss at I > 120-mA, mode-locked picosecond

laser pulse train has been obtained as shown in f1g.29.

(a) (b).

.
.....

Fig.29 ~ Photographs of Laser Output Train.
Input Current = 130-mA; Modulation Frequency = 66 MHz;, Modulation Amplitude = 1.25 V.

(a) No External Cavity (Traveling wave amplifier)
(b) With External Cavity (Picosecond operation)
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Using the 2D interferometric amplitude correlator which is sensitive to the coherent

component of the laser pulse, 0.6-ps pulse duration has been obtained. The compact ps

semiconductor diode laser under development here has serves a starting point for the miniature

of the future ultrafast optical A/D system. The pulse energy of 100-pJ is ~ 1,000 times lower than

the current XPM A/D required. An optical laser amplifier is needed to increase the pulse energy.

This device is also being investigated. Two possible amplifier materials using either argon pump

Ti:sapphire or diode laser pumped Cr:LiSAF regenerative amplifier is under study. The output

performance of the laser and planned amplifier systems are shown in Table 2.

(a) Argon laser pumped Ti:sapphire amplifier

(a)

(b)

Table 2 Specifications of Diode Laser Oscillators and Regenerative Amplifiers

(b) Diode laser pumped Cr:LiSAF amplifier

Measured laser diode

Expected argon ton laser pumped

oscillator output Ti:sapphire regenerative amplificr
output
Wavelength 830 nm 830 nmm
Encrgy/pulsc 10-1 pJ 1O-1 pud
Average power I mW 400 mW
Pulse repetition rate 140 MHz - 1.5 Gliz I Mllz
Pulse width 0.6 ps -2 ps

Measured laser diode

oscillator output

Expected diode laser pumped

Cr:LiSAF regenerative amplificr

output
Wavcelength 830 nm 830 nm
Encrgy/pulse 10-1 pJ 10-1 pJ
Avcrage power I mW -
Pulsc repetition rate 140 MHz - 1.5 Gz 10 kiiz
Pulse width 0.6 ps 1-2 ps
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9. Degenerative XPM (DXPM) and Polarization Instability

The main problem of this program was the development of a 4 bit XPM A/D converter.
This eas achieved for an input pulse energy reqﬁirement of ~ 100-nJ for a 4-bit (16 level)
digitization. ~ At a given pulse energy, the pulse intensity, I = energy/(area x duration),
requirement to the XPM spectral encoding can be expressed as

dw(XPM) ~ n,Iz/1.

where n, is the nonlinear index of refraction of the fiber, z is the fiber length between the signal
and carrier pulses, and 7 is the pulse duration. To reduce the I requirement to lower levels with
n, and T remain to be constant, the interaction length z has to be increased. However, due to
the material dispersion between two different wavelengths of the signal and carrier pulses used
in XPM. z is limited to an effective interaction length walk-off distance): z(eff). For instance,
using 532-nm and 1064-nm as the XPM carrier and signal wavelengths in a silica glass fiber,
the z(eff) for a 20-ps pulse duration is ~ 26 cm. Usingn, ~10"” esuand I~ 10°W/cm? (107 esu),
the maximum XPM spectral shift is ~ 300 GHZ. where the z(eff) can increase by a factor of
100, the I or the input energy required can be reduced by a factor of 100. The sensitivity of A/D
can be greatly improved. DXPM?*° experiments have been carried out to test the concept where
both the signal and carrier pulses have the same wavelength at orthogonal polarizations. From
the dispersion consideration, the z(eff) can be -> . However, induced polarization stability
occurred for the linearly polarized waves in short fibers and intrinsic fiber birefringence existed
in long fibers. DXPM A/D process requires a further study to improve the sensitivity and
accuracy.
9.1 Nonlinear Intensity Induced Polarization of Linearly & Circularly Polarized ps Laser Pulse

In optical fibers, the SPM and XPM processes are particularly important for the control
of light in confined and guided core of fibers®**?. The nonlinear processes in optical fibers affect
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not only the spectral and temporal structures of the propagating optical pulses, but also their
polarization states. The intensity-induced polarization changes of an optical wave propagating
in single-mode optical fibers were observed experimentally without a satisfactory theoretical
model®*. The relation between vector rotation and depolarization in non-birefringent optical
fibers is under investigation. The effects of intensity on the state of polarization have been
observed for circularly and linearly polarized optical pulses propagating in a single mode optical
fiber. The state of circular polarization is found to be more stable than the state of linear
polarization for short non-birefringent single mode optical fibers. We have a model based on
SPM and XPM to explain the measured preservation of the circular polarization and the
depolarization of linearly polarized laser pulses in the optical fibers.

The polarization of laser pulses of 30-ps duration at 532 nm propagating in single-mode
optical fibers have been measured using circularly and linearly polarized as shown in fig.30. The
pulses were obtained from a frequency doubled mode locked Nd:YAG laser at a repetition rate
of 10 Hz. After the polarizer P1, the input laser pulses were linearly polarized to a ratio better
than 400:1. Using a quarter wave plate, these pulses were converted into circularly polarized
ones. By changing the direction of the optical axes of the quarter wave plate, one can convert the
laser pulses to be either right-handed or left-handed circularly polarized. The circularly polarized
laser pulses were then coupled into and out of optical fiber. A beam displacing prism was used
after the second quarter wave plate to separate these two orthogonal linear polarizations.
Depending on the polarization state, one output pulse was divided into two pulses (defined as I
and II), which have orthogonal polarization directions. Pulses I and II represent the part of
polarization state unchanged and the part transferred to the orthogonal polarized mode,
respectively. The energies of pulses I and II were measured using a cooled CCD camera system.
Neutral density filters were placed in front of the CCD camera to adjust the intensity of laser
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pulses I and II, respectively.

The data plots (a) and (b) in Fig. 31 show how the degree of polarization for circularly
and linearly polarized laser pulses propagating in a fiber change with different input laser pulse
energy. The degree of polarization for a circularly polarized input laser pulse was preserved to
be > 0.9 when the laser pulse energy was varied from 40 pJ to 60 nJ. The energy range covering
three orders of magnitude until the input tip of the optical fiber was burned. Similar results were
observed when the length of the optical fiber was increased from 0.5 m to 4 m. The states of
polarization for circularly polarized input laser pulses were preserved in a non-birefringent single
mode optical fiber.

When linearly polarized laser pulses were coupled into a one meter non-birefringent single
mode optical fiber, the degree of linear polarization quickly depolarized when the energy of the
input laser pulse was > 6 nJ. SPM and XPM processes are responsible for the stability of the
circularly polarized optical pulses and the depolarization of the linearly polarized pulses at high

intensities. The theoretical calculation was displayed as solid lines in Fig.31.
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Fig.30 Experimental setup for measuring  Fig.31 The measured results of the
the stability of the circular and linear polarization stabilities for different
polarization states. BDP; beam displacing polarization states depending on the laser
prism{polarizing prism), F's ncutral-density pulse intensities(pulse Energies). The curve
lilters. is the theoretical fitting.
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9.2  Single-pulse DXPM from a Picosecond Circulaily Polarized Laser Pulse

XPM process was demonstrated using two optical pulses with different wavelength and
different polarizations. Two physically separated optical pulses were always coupled into a
nonlinear medium to let the intense one(as pump) modulate the weak one(as probe). The
temporal and spectral feature of the probe can be changed with the presence of the pump beam.
In principal, the two polarization components in a single pulse can act as two laser pulses with
the some phase and amplitude difference. XPM between two polarization components of a single
laser pulse should be observable if the two polarization states are stable in an optical fiber.

The experimental arrangement of the single-pulse DXPM 1s shown in Fig.32a. One-meter
non-birefringent single mode optical fiber and 30 ps laser pulses at 532 nm were used. After the
polarizer P, the input laser pulse was linearly polarized to a ratio better than 400 to 1. The
elliptically polarized laser pulse was obtained by adjusting the relative angle of optical
axes between the quarter wave plate QWP1 and the polarizer P. When this angle is 45° a
circularly polarized laser pulse is produced. The intensities of the two circular polarization

components of the single elliptical laser pulse was set with a ratio of 100 to 1.

P QWP1 L Fiber L QWwWP2

s 1o :“‘""0 — ~ 10
)
b0 0 =
e
‘ SPM I ’{l %: 0.5¢
CCD S B —
vrir oM xem BDP Z 0.0 e
(a) S ' b 538 532.2
A(nm)

Fig.32 Single-pulse DXPM in Optical Fibers
(a) Schematic of experimental setup. L: lens, QWP: quarter wave plate
(b) Measured spectrum of the input laser pulse: FWHM bandwidth ~ 0.2A
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The intense component acted as a pump pulse while the other one as a probe pulse. Two
circular polarization components co-propagated through optical fiber and each one remained in
its own polarization state without exchange of energy. After the second quarter wave plate
QWP2, these two components were converted into two perpendicular linear polarization ones.
After that, a polarizing prism BDP was used to separate the two linear polarization components
and the spectra were measured. The input laser spectrum had a FWHM bandwidth ~ 0.2A. Tre
output spectra of two polarization components of a single 532 nm laser pulse were measured for
different coupled pulse energies. Fig.33 displays the normalized spectra at an input pulse energy
of 30-nJ. Fig.33a is the output spectra of the pump component, while Fig.33b is the spectra of
the probe. The spectral of the pump is attributed to the typical SPM process. The spectral
broadening of the probe component is attributed to the XPM process caused by pump and the
interference between them. Using the nonlinear coupling equations for circularly polarized pulses,
the theoretical fitting of the SPM and XPM spectra are shown in Fig.34. After introducing the
interference between SPM and XPM, good agreements have been obtained between with the

measured XPM spectrum in Fig.33b to the calculated spectrum in fig.34c.
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Flg.33 Measured spectra of single 30-nd elliptically po-
larized laser pulse with a duration of 30 ps propagating
in a 1-m nonbirefringent single-made optical fiber. The
intensily ratio of the pump component Lo the probe was
100 to 1. (a), (b) Spectra of pump and probe components,
respectively.
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10. Summary: Problems and Future Direction

We have successfully demonstrated a 5 Gigasamples/sec 16-level XPM A/D system.
There are still many issues to be solved for the final implementation of this uninary encoded
XPM A/D algorithm. Based on the study of the induced stability discussed in section 9, a
polarization controlled all optical amplifier to improve A/D sensitivity by reducing the minimum
pulse energy requirement from 10-nJ to 1-pJ. A patent disclosure has been filed. Furthermore,
using our previously patented algorithm of the: induced optical deflector’, ultrafast low-level

input signals for both cw and pulsed operation in ~ mW power can be digitized'' as shown in

fig.35.
All optical
Deflector ) Digitized
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empora Distribution
Optical Signal Results
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Pump
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Fig.35 A schematic of an ultrafast waveform digitization for low-level input signal

using induced-beam deflection principle

37




There are five immediate issues for the 4-bit ultrafast optical XPM A/D which requires

the further study.

They are :

a) Accuracy of XPM Spectral Encoding A/D Using Circulé,rly Polarized Laser Pulse:

Experimental measurements of the polarization ratio of linearly and circularly polarized laser
pulses propagating in optical fibers indicated that circularly polarized laser pulses will be helpful
to study polarization sensitive processes because the polarization state can be preserved at high
intensity. The dependence of XPM spectra as a function of an input laser pulse intensity should
be studied. The effect of XPM spectral distribution on polarization stability for the encoded A/D
algorithm should be investigated. In a standard XPM analysis, the broadened XPM spectrum of
the carrier pulse dw,(XPM) ~ [E,|>. In theory, when the polarization state of the signal pulse E,
is changing with respect to the carrier pulse E,, the effective dw,(XPM) can be varied from a
factor between 2/3 to 2 depending on the polarization states of E, and E, are either In
perpendicular or in parallel, respectively. Using the results shown in fig.31, the polarization
state of a linearly polarized signal was found to vary as the incident laser intensity. This
polarization instability can greatly reduce the accuracy of A/D using DXPM. Since the circular
polarization states are stable, to the induced polarization change, the accuracy of A/D can be
improved by a factor of 3.
b) Accuracy Improvement of XPM A/D with Better Pulse Energy Control

One of the accuracy limitation of 4-bits resolution with our current XPM spectral measurements
is the fluctuation of input pulse energy control of mode-locked YAG laser system. The XPM
spectral shift of > 200 channel has been obtained as shown in fig.10.  With the state-of-the-art
mode-locked lasers, e.g. ps Ti:sapphire laser, the pulse energy fluctuation can be improved by
a factor of ten. In together with the pulse polarization control in a), 64-levels (6 bits) could be
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obtain with the current encoding algorithm.
c) New Encoding Algorithms

In our current XPM A/D spectral encoding algorithm, a 4-bit resolution has been achieved. A
further study of the XPM spectral encoding algorithms, e.g. modulated spectral distribution, may
improve the bit accuracy.
d) Spectral Modification of XPM Oscillatory Spectrum to Singular Output

In our current demonstration unit, an uninary encoding algorithm was used due to the oscillation
nature of the XPM spectrum. In addition, a spatial mask has been designed to convert the
priority encoded optical signals into binary encoded optical signals. Both cases are bulky. An
algorithm on ultrafast optical comparator is needed to improve the sensitivity from the uninary -
> binary coding. A time-gated XPM spectrum is being developed which may modify XPM
oscillating spectra into a distinct spectral shift as our original plan in fig.4. In this many,
encoding algorithm can be converted from uninary coding to priority coding. A detail analysis
of this time gated modification will be submitted in a renewal proposal.
e) Compact/Stable ps Laser Sources

In our demonstration unit, an intense optical signal is needed as the pump beam to be digitized
in the XPM process.  The dimension of the laser used is not realistic for the practical
applications. A laser amplifier to increase peak power of a compact ps diode laser source will
be proposed to be studied in the future.

A renewal proposal will be submitted to address the above five issues of XPM A/D with

better sensitivity, more accuracy, lower cost, and compact package.
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TECHNICAL ACCOMPLISHMENTS

* Demonstrated a 1x4 waveguide/fiber DMX using a streak camera to simulate a carrier/signal
train separated by 200-ps (5 Gigasample) test. Used 1x4 and 4x1 splitter/coupler with variable

fiber lengths to achieve a 50-ps/division (20 Gb/s).

* Repeated XPM experiments and improved XPM spectral shifted channels from 5 -> 200.
Observed modulated XPM spectrum and redesigned the encoding algorithm from binary to

uninary.  Determined the linearity of a 4-bit (16 digital levels) XPM A/D intensity spectral

encoding.

* Measured and modeled SPM and XPM spectral distribution of ps/fs propagating through optical

fibers. Determined XPM Fiber mode coupling requirements.

* Designed, built, and tested a ML semiconductor diode laser with duration ~ 0.6-ps at ~ 1 GHz.

Received parts to assemble and test an amplifier with output energy ~ 1-uJ at ~ 100-KHz.

* Measured femtoseocnd XPM in isotropic and polarization preserved fibers and determined Aw

~ Intensity from single pulse DXPM and effective fiber length.

* Measured/modeled vector properties of ultrashort laser pulse propagating in fibers.Determined

circularly polarized mode is stable of pulse propagation in fibers.
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MISSION
OF
ROME LABORATORY

Mission. The mission of Rome Laboratory is to advance the science and
technologies of command, control, communications and intelligence and to
transition them into systems to meet customer needs. To achieve this,
Rome Lab:

a. Conducts vigorous research, development and test programs in all
applicable technologies;

b. Transitions technology to current and future systems to improve
operational capability, readiness, and supportability;

c. Provides a full range of technical support to Air Force Materiel
Command product centers and other Air Force organizations;

d. Promotes transfer of technology to the private sector;

e. Maintains leading edge technological expertise in the areas of
surveillance, communications, command and control, intelligence, reliability
science, electro-magnetic technology, photonics, signal processing, and
computational science.

The thrust areas of technical competence include: Surveillance,
Communications, Command and Control, Intelligence, Signal Processing,
Computer Science and Technology, Electromagnstic Technology,
Photonics and Reliability Sciences.




